Abstract--A probabilistic approach is presented in this paper which can be used to evaluate the degree of system well-being in operating reserve assessment of a generation system. The overall well-being of the generation system is identified as being either healthy, marginal or at risk. In this approach to operating reserve assessment, generating units are first committed to the system to satisfy the unit commitment criterion. After determining the number of committed units, the degree of system well-being associated with the responding capability of the committed units is determined. These concepts are illustrated in this paper by application to an educational test system.
I. INTRODUCTION
The determination of the required amount of system generating capacity to ensure an adequate supply of electrical energy is an important aspect of power system planning and operation. The total problem can be divided into the two categories of static capacity assessment and operating reserve assessment. Static generating capacity assessment is used to determine the amount of installed reserve capacity required to maintain a desired level of reliability. Operating reserve assessment. on the other hand, is related to the short-term evaluation of the actual capacity required to meet a given load demand [ 11. Static capacity assessment and operating reserve assessment, though related, are conceptually different. They deal with different reliability issues and therefore different evaluation techniques are required. Considerable effort has been devoted to static capacity assessment over many years [2, 3] . There is, however, relatively little published material in the area of operating reserve assessment. The theoretical techniques presented in this paper and the illustrated application are limited to the domain of operating reserve assessment.
There is a wide range of available approaches in regard to how the operating reserve is actually selected. Both deterministic and probabilistic techniques can be utilized to determine the required level to be maintained by a system. Deterministic approaches do not specifically recognize the probability of component failures and therefore can not assess the actual system reliability. Probabilistic techniques can be used to take into account the random outages of system components and other stochastic component behavior. The basic goal of a probabilistic technique is to maintain the system risk as close as possible but lower than an allowable risk at all times [4] . Most utilities prefer to use deterministic considerations rather than probabilistic indices [ 5 ] . There are many reasons for this and some of the most important cited are the difficulties encountered by the system operator in interpreting a single numerical risk index and the lack of system operating information contained in this index.
A probabilistic technique is illustrated in this paper which overcomes these difficulties by including system operating states [ 6 ] in operating reserve assessment. This technique combines accepted deterministic considerations with probabilistic indices. The overall well-being of the generation system is identified as being healthy, marginal and at risk using the operating state approach [7] .
Operating reserve evaluation involves two distinctly different aspects. The first is unit commitment, in which the system operator decides which units and how many should be committed to satisfy the operating criteria. The second one, however, is associated with dispatch decisions and the evaluation of the response capability of those units that have been committed [l] . Both sets of studies are necessary to obtain a complete picture of operating reserve assessment. On the basis of this technique, generating units are first committed to the system such that a specified system risk, a specified system health probability or both are satisfied. Once the required number of units are determined, the next step is to find the optimal allocation of load among the committed units. This paper illustrates the evaluation of the degree of system well-being in both unit commitment and responding capability of a generation system. The proposed technique overcomes some of the difficulties in interpreting the risk index and provides the system operator with measures of the system well-being in the form of operating health and margin indices in addition to the more conventional risk index. These concepts are illustrated in this paper by application to an educational test system (RBTS) developed at the University of Saskatchewan [8] .
II. SYSTEM MODEL

II.1 Unit Commitment Health, Margin and Risk
The operation of a power system can be divided into different operating states designated as normal, alert, emergency and extreme emergency [6] . These states indicate the degree to which security constraints are satisfied. The security constraints are the operating limits which have to be satisfied during the operation of a power system. In the assessment of unit commitment, the security constraint is that the total capacity should be greater than the total demand. Figure 1 shows the relationships between the system operating states. The detailed definitions of these operating states are given in [7] . The definition of the normal state permits the inclusion of conventional deterministic criteria in IEEE CAT. NO. 9SCH3581-6/0-7803-2741-1/9S/S3.00 0 1995 lEEE the probabilistic evaluation of system well-being and risk. It is clear from Figure 1 that a system can transfer from the normal state to the alert, emergency or extreme emergency states due to the loss of generating units or sudden changes in the system load. The system well-being as designated by the accepted deterministic criteria can be categorized as being healthy, marginal and at risk using the designations shown in Figure  2 . In the healthy (normal) state the security constraint is satisfied, indicating that the generation is adequate to supply the load (total demand). In the healthy state, there is sufficient margin such that the loss of any specified number of generating units will not result in a limit being violated. The definition of the healthy state permits the inclusion of conventional deterministic criteria in the probabilistic evaluation of system well-being and risk. In the marginal (alert) state the system is operating within limits, but there is no longer sufficient margin such that the loss of generating capacity specified by the deterministic criterion will result in load curtailment. In the risk (emergency and extreme emergency ) state, the system constraint is violated. This risk index is designated as the Generating System Operating State Risk (GSOSR) as shown in Equation 1, where Pn, Pa, P, , , and PeAll, are the probabilities of the normal, alert, emergency and extreme emergency states, respectively.
The system health, margin and risk probabilities are calculated using a contingency enumeration technique. For a given number of committed units, each contingency has to be checked to determine whether it belongs to the healthy, marginal or at risk based on the state definitions. Generating units are committed to the system such that a specified system risk has to be satisfied. The probability associated with the healthy state can also be used as a system operating criterion. The well-being of the system is increased as marginal state probabilities are transferred to the healthy state by committing additional generating unit(s).
Response Health, Margin and Risk
In the unit commitment assessment, generating units are committed to the system at a particular load level to satisfy either a specified risk or an acceptable system health probability or both. Once the number of committed units is adopted, the next step is to make dispatch decisions regarding the committed units. Spinning reserve is the remaining capacity of a committed unit and therefore is a single specific quantity. Reliable power system operation requires that the system generation must respond to sudden changes i n generation due to generating unit outages or to unforeseen changes in system load or to any other contingency which result in a generation loss [9] . In order to achieve this aim a certain portion of the system spinning reserve must be available within a given time period, referred to as the margin time. The margin time is defined as the time required to make specific generation changes in the system. The generation change that can be achieved within the margin time is known as regulating margin [IO] . The required regulating margin can be a certain percentage of the system spinning reserve [ 5 ] .
The unit commitment health, margin and risk framework presented in the previous section are used to evaluate the degree of system well-being in responding capability of the committed units and are referred to as the response health, margin and risk framework. In the healthy state, the load dispatch is such that the system has sufficient response, so the loss of any single on-line unit will be covered by the remaining committed units within the margin time without requiring load curtailment or committing additional unit(s) In the marginal state, the required regulating margin is met but the available response is not enough to cover the loss of generating capacity. The system can transfer from the marginal to the healthy state by adjusting the load dispatch of the committed units. In the risk state, the response is less than the required regulating margin and some of the load may also be curtailed. A system may have a large amount of spinning reserve at a particular generatiodoad condition to be in the healthy state based on unit commitment point of view, but the The allocation of spinning reserve amongst the committed units can be done by selecting a suitable response criterion. The load dispatch should be such that the system should have adequate responding capability to satisfy a specified response risk, an acceptable response health probability or both. The first step in evaluating the response health, margin and risk probabilities is to prepare an economic loading schedule. In the next step, adjustments are made in the unit loadings by starting at an economic schedule and moving in the required direction to satisfy a preselected response criterion [9] .
The usual target of a basic probabilistic technique [4] is to minimize the probability of the system being in a state of risk. Operating reserve health, margin and risk determination permits the system operator to not only minimize the probability of being in the risk state but also to maximize the probability of the healthy state in both unit commitment and from a response point of view.
III. APPLICATION
The proposed method has been applied to a small test system designated as the RBTS [8] . The RBTS is an educational test system developed at the University of Saskatchewan. This is a relatively small system and consists of 11 generating units ranging from 5 MW to 40 MW. The system peak load is 185 MW and the total installed capacity is 240 MW. The generating unit data and the system priority loading are shown in the Appendix. Two different studies have been conducted on the operating reserve requirements in the RBTS. The objective of the first study is to determine the number of generating units required to satisfy an acceptable unit commitment criterion. In the second study, the optimum load dispatch for specified response criterion is determined.
III.1. Unit Commitment
Once a unit commitment criterion is adopted, the goal is to satisfy the criterion throughout the various stages of system operation. A unit commitment schedule has been developed using a seven step load model of the RBTS assuming that the system lead time is four hours. The lead time is the time required to bring additional generating units into service. Table 1 shows the required number of committed units and the corresponding probabilities of the different operating states when a specified risk of 0.01 is selected as the unit commitment criterion. It can be seen from Table 1 that the probability of the healthy state is zero for all load levels. The reason for this is that the system with the designated number of committed units and at the corresponding load level does not have sufficient spinning reserve to tolerate any single unit outage. Table 2 shows the number of committed units and system operating state probabilities when the system is required to satisfy an acceptable healthy state probability of 0.9 in addition to satisfying a specified GSOSR of 0.001. It can be seen from Table 2 , that the system must commit one or two units, in addition to the previously committed units, to satisfy both criteria.
The generating system well-being depends on many factors, of which unit lead time is the most important. Figure   3 shows the variation in system health, margin and risk probabilities with lead time when the system load is 11 1 MW and the number of committed units is assumed to be 5. It can be seen form Figure 3 , that the system health decreases as the lead time increases. The system risk, however, increases as the lead time increases. The reason for this is that as the lead time increases, the probability of bringing additional units into service decreases. 
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The question that is not answered in the assessment of unit commitment is as follows: Given that there are a number of combinations in the power outputs for a complete set of N committed generating units which will satisfy the u n i t commitment criteria, which of these combinations should be used in order to provide the minimum operating cost at an acceptable level of response reliability. Figure 4 shows various combinations of units power outputs for a system load of 111 MW. The available response capability varies from 20 MW, i.e. economic load dispatch, to 49 MW within the margin time of 5 minutes.
The number of committed units is 5 and the unit commitment health, margin and risk probabilities are 0.99099008, 0.00897999 and 0.00002993 respectively. The system with this number of committed units has a high healthy state probability based on a unit commitment point of The required regulating margin(RRM) is assumed to be 50% of the spinning reserve(SR), i.e. 24 MW. The first set of unit power outputs shown in Figure 4 represents the results of the most economic load dispatch and the sets following that show the results which are obtained using the least adjustment procedure or reloading the units. Based on economic load dispatch, only 20 MW of the total 49 MW spinning reserve is available within 5 minutes. If a specified response risk of 0.001 is selected as the operating criterion, then the system should have at least 25 MW of response output to satisfy this criterion. In this case, the operating cost increases from $470.8 to $529.98 and the response risk probability decreases from 1.0 to 0.00018834. The system health probability is zero for both cases. The system can satisfy a specified response health probability of 0.9 i n addition to satisfying a specified response risk of 0.001, if it has a response capability of 41 MW or more. The response health probability is 0. 99981 166 Table 3 shows the economic load dispatch for a seven step load model of the RBTS. The response health, margin and risk probabilities are calculated assuming that the required regulating margin is 50% of the spinning resene at each load level and the margin time is 5 minutes. The response risk is unity for some load levels, because of insufficient response capability. Table 4 shows the results when a specified response risk of 0.001 is selected as the response criterion. The results show that the response healthy state probability is zero for all load levels. The reason for this is that the system with the available response output within the margin time of 5 minutes and at the corresponding load level can not respond to a specific single unit outage. Table 5 shows the results when the system is required to satisfy an acceptable response healthy state probability of 0.95 in addition to satisfying a specified response risk of 0.001, The system operating cost increases as the system is required to satisfy single or multiple response criteria compare to that of the economic load dispatch shown in Figure 5 .
The margin time is one of the most important factors which influence the system well-being. The spinning reserve has been allocated among the on-line units such that multiple response criteria must be satisfied. The results are presented in Figure 6 for three different margin times (MT) It can be seen from the results that the system healthy state probability decreases as the peak load increases. For a given load level, Load [%] Figure 5. Variation in system operating cost. Figure 7 shows the variation in the system operating cost with system peak load. It can be seen that the operating cost increases as the peak load increases. In comparison with the results shown in Figure 6 , it can be seen that for a given load level the operating cost increases as the response health probability increases.
IV. CONCLUSION
Operating reserve evaluation involves two distinctly different aspects. The first is unit commitment and the second is associated with the evaluation of the response capability regarding those units that have been committed. An approach is presented in this paper in which generating units are first committed to the system such that a specified system risk, a specified system health probability or both are satisfied. Once the required number of units are determined, the optimal allocation of load among the committed units is determined. This paper illustrates a procedure for evaluating the degree of system well-being in both unit commitment and responding capability of a generation system. The system health probability is an additional index which reflects the system well-being. The ability to determine multiple criteria provides more information to the system operators and a more phisical appreciation of reliability in both unit commitment and load dispatch. 
